The objective of this study was to test the relationship of several single nucleotide polymorphisms (SNPs) within phosphodiesterase 4D (PDE4D) and connexin 37 (CONNEXIN37) gene additional interactions with ischemic stroke (IS) risk. The online software SNPstats was used for Hardy-Weinberg equilibrium testing. Generalized multifactor dimensionality reduction (GMDR) was employed to detect the potential interactions among CONNEXIN37 gene, PDE4D gene, and smoking. The results indicated that the rs1764391-T and rs966221-G were correlated with higher IS risk, the corresponding ORs (95% CI) were 1.66 (1.21-2.03) and 1.48 (1.11-1.92), respectively. We also found that the first two loci including rs1764391 and rs918592, and the other two-loci including rs1764391 and smoking were significant in the GMDR model. Participants with rs1764391-CT/ TT and rs918592-CT/TT genotype have the highest IS risk, compared to subjects with rs1764391-CC and rs918592-CC genotype, OR (95%CI) ¼ 3.16 (1.83-4.45); smokers with rs1764391-CT/TT genotype also have the highest IS risk, compared to never smokers with rs1764391-CC genotype, OR (95%CI) ¼ 2. 82 (1.53-4.15), but no significant interaction combinations were found between gene and alcohol drinking. So in this study, the rs1764391-T and rs966221-G, rs1764391-rs918592 interaction, rs1764391-smoking interaction were all associated with higher IS susceptibility.
Introduction
Ischemic stroke (IS) is an important cause of death and disability for adults around the world. 1 In China, with the development of the economy, nearly 1.6 million persons died from stroke per year, and 157 out of every 100,000 die from stroke. 2, 3 To date, several risk factors of IS were reported, including age, hypertension, diabetes mellitus (DM), smoking, and cardiac arrhythmias. 4 It has been shown that genetic factor was a significant risk factor for stroke susceptibility, and 30% of stroke risk can be attributed to genetic factors. 5 Previously, several genes have been reported in different populations, such as phosphodiesterase 4D (PDE4D) and connexin 37 (CONNEXIN37) gene.
CONNEXIN37 gene (GJA4, also known as Cx37) mainly participates in the regeneration of damaged tissues and endothelial cell aging. Previously, several CONNEXIN37 gene single nucleotide polymorphisms (SNPs) were reported with some common diseases, including hypertension, 6 coronary heart disease, 7 polycystic ovarian syndrome 8 and so on. A recent study 9 also indicated that the minor alleles of CONNEXIN37 gene are associated with higher IS risk in Northern Han Chinese. PDE4D gene has 8 splice variants, consisted of 22 exons and hundreds of SNPs. 10 Compared to CONNEXIN37 gene, PDE4D gene has been studied more in different case-controls studies 11, 12 and meta-analysis. 13, 14 But these studies concluded conflicting results. In addition, it was also considered that IS
Impact statement
Till now, no study investigated the interaction between CONNEXIN37 and PDE4D gene, and the gene-environment interaction. Therefore, in the current study, we aimed to evaluate the impact of interactions between CONNEXIN37 and PDE4D gene, and its interaction with environmental risk factors on susceptibility to ischemic stroke (IS). susceptibility was resulting from both genetic, environmental factors and their interactions. 4 However, till now, no study investigated the impact of interactions, such as interaction between CONNEXIN37 and PDE4D gene, and the gene-environment interaction on IS risk. Therefore, we aimed to detect the interactions between CONNEXIN37 and PDE4D gene, and its interaction with environmental risk factors on susceptibility to IS.
Materials and methods

Subjects
A total of 1773 participants, who were hospitalized in Huangshi Maternity and Child Health Hospital or Huangshi Fifth Hospital were selected, including 892 normal controls and 881 patients with IS. All IS cases were diagnosed by at least two related senior neurologists, using magnetic resonance imaging or/and computed tomography scanning. Those IS patients with family history of some diseases including myocardial infarction, tumor, hemorrhagic stroke, atrial arrhythmia or trauma were excluded from the case group. Age (AE3 years) and gender-matched control subjects, in nearly 1:1 ratio to IS patients were selected. Those have IS, any history, or symptoms of cerebrovascular disease were excluded from the control group. At the beginning of the investigation, all enrolled participants have signed informed consent.
Questionnaire
Data on general demography, lifestyle information, physical measurement, history, and duration of the main disease for all participants were obtained. Some physical indicators were measured, such as weight and height. Cigarette smoking was defined according to Doll and Hill. 15 Alcohol drinkers were those who drink alcohol every week in one year.
SNP selection and genotyping
NCBI SNPs-database was used for SNPs selection. The genotyping for the selected four SNPs was conducted using PCR-based restriction fragment length polymorphism. Table 1 shows the primers and restriction endonuclease used for genotyping in current study. All participants were genotyped in a randomized, blinded fashion. A 20-mL reaction volume was used for PCR in the genotyping process. The amplification conditions for rs1764391 and rs1764390 of CONNEXIN37 gene: amplification for 35 cycles, 94 C for denaturation (1 min), 58 C for annealing (1 min), 72 C for extension (1 min) and final extension (10 min). The amplification conditions for the rs918592 and rs966221 of PDE4D gene were: 95 C for initial denaturation (5 min), 94 C for 38 cycles (60 s), 72 C for about 60 s and final extension (10 min). PCR products were digested by the specific restriction endonuclease for about 4 h (37 C), which were shown in Table 1 .
Statistical analysis
The percentages were calculated for categorical variables and a chi-squared test was used to test the difference between groups; and means AE standard deviations were calculated for the continuous variables with normal distribution, and t-test was used for comparison. The online software SNPstats was used to test the Hardy-Weinberg equilibrium (HWE) in control participants. Logistic regression was used to calculate the ORs (95% CI) for subjects with different genotypes. All P values are two-tailed, and considering the multiple tests performed, 16, 17 the threshold of significance after Bonferroni correction was set and shown in Table 3 . The best interaction combinations were assessed by generalized multifactor dimensionality reduction (GMDR). Some parameters were also calculated to verify which combination was the best one, such as the testing balanced accuracy, the sign test, and crossvalidation consistency. Table 2 shows the description for patients and normal controls on demographic and general clinical characteristics. A total of 1773 participants were selected, including 881 patients with IS and 892 normal controls. The average age for all participants was 65.0 AE 14.2 years. The percentages of participants who consumed alcohol, smoked cigarettes, and with hypertension, T2DM and means durations of hypertension and T2DM were higher in IS patients than in controls. The genotype frequencies in the control of the current study were all distributed accordingly to HWE. The frequencies of the CONNEXIN37-rs1764391 T allele were 28.9% in patients and 19.4% in controls, which indicating a statistically significant difference. The frequencies of the PDE4D gene-rs966221 G allele was 29.1% in IS patients and 20.7% in controls. Logistic regression indicated that rs1764391-T and rs966221-G alleles were correlated with higher IS risk, adjusted ORs (95% CI) were 1.66 (1.21-2.03) and 1.48 (1.11-1.92), respectively (Table 3 ). We also found that CONNEXIN37-rs1764390 and PDE4D-rs918592 were not correlated with IS risk significantly.
Results
The SNP-SNP and gene-environment interaction model were determined by GMDR analysis (Table 4 ). We found significant interaction combinations involving rs1764391 and rs918592, rs1764391, and smoking. We also conducted stratified analysis for interaction effects using logistic regression. We found that participants with rs1764391-CT/TT and rs918592-CT/TT genotype have the highest IS risk, compared to subjects with rs1764391-CC and rs918592-CC genotype, OR (95%CI) ¼ 3.16 (1.83-4.45; Figure 1 ); in addition, smokers with rs1764391-CT/TT genotype also have the highest IS risk, compared to never smokers with rs1764391-CC genotype, OR (95%CI) ¼ 2.82 (1.53-4.15), adjusting for age, gender, and alcohol consumption status (Figure 2 ).
Discussion
The current study shown that CONNEXIN37-rs1764391-T and PDE4D-rs966221-T alleles were correlated with higher IS risk. We also found that rs1764390 and rs918592 were not significantly related with the susceptibility to IS; the CONNEXIN37 gene is located in chromosome lp35.1 and mainly expressed in the vascular endothelium. 18 To date, limited number of studies involved in the relationship between CONNEXIN37 gene SNPs and IS risk. A 10.7year cohort study for Chinese Taiwan population indicated that rs1764391 (C1019T) within CONNEXIN37 gene was associated with increased IS risk, 19 while another case-control study also performed for Chinese Taiwan population showed that rs1764391 (C1019T) polymorphism within CONNEXIN37 gene was not associated with IS susceptibility. 20 Therefore, the relationship between SNPs within CONNEXIN37 gene and IS risk remains conflicted and need to be determined in the other studies in Chinese populations. Recently, Li et al. 9 concluded that rs1764390-AG or GG and rs1764391-CC genotype of CONNEXIN37 gene was related with higher IS susceptibility. This article was the first study to investigate the relationship between CONNEXIN37-rs1764390 or rs1764391 and IS risk in Chinese mainland population. However, the study by Li et al. 9 was just performed in the Chinese Northern Han population; in addition, just 385 IS patients and 362 control patients were selected; the sample size was relatively small. Thirdly, the control group consisted of 362 hypertension patients; as we all know that hypertension was an important risk factor for IS, which may lead to false positive results. In our study, the normal controls were those without IS and any type of diseases related to IS risk, including hypertension, and the sample size of our study was larger than the study by Li et al. 9 PDE4D gene is located on chromosomal region 5q12, and consists of many SNPs, 21 among which the SNP 83 (rs966221) and SNP 87 (rs2910829) of PDE4D gene have been extensively investigated previously. However, these studies [22] [23] [24] [25] [26] [27] have not concluded consistent result. In terms of SNP83, some studies 22, 23 indicated that SNP83 was not associated with IS risk, but some studies 24,25 also concluded conflict results. A meta-analysis 14 suggested that the PDE4D gene was related with IS susceptibility, perhaps in Asian populations, however, this fore-mentioned relationship was still controversial in Caucasian populations. In terms of SNP87, most studies 26, 27 have indicated that this SNP was not associated with IS risk, except for one study conducted by He et al. 28 in Chinese young populations.
The IS incident could be caused not only by both the genetic and environmental factors, but also by the geneenvironment interactions. 4 Previous studies have concluded that gene-gene, 29, 30 gene-environment 29 interaction could influence the IS risk in different populations and involved different gene. Our study was the first to test the impact of interaction between CONNEXIN37 and PDE4D gene, in addition gene-environmental factors interaction on IS risk. This study concluded not only a significant rs1764391 and rs918592 interaction, although the relationship between rs918592 and IS was not significant, but also an rs1764391 and smoking interaction. Previously, CONNEXIN37 gene-smoking interaction just was reported in relation to ischemic heart disease, 31 to the best of our knowledge, the current study firstly investigated the impact of CONNEXIN37 gene-smoking interaction on susceptibility to IS.
The limitations of this study were: firstly, we only examined the Han Chinese patients in Western China, different ethnic or social and economical background should be checked. Secondly, just four SNPs were studied, these four SNPs were normal and more investigated previously, especially for PDE4D gene, so more SNPs should be verified in the future studies and in the different populations.
In conclusion, we suggested that the rs1764391-T and rs966221-G alleles, rs1764391-rs918592 interaction, rs1764391-smoking interaction were all correlated with higher IS risk. The main finding of this study was that the minor alleles of rs1764391 and rs966221 were risk factors for IS incidence; in addition, the association between rs1764391 and ID risk could be influenced and modified by some others SNPs, such as rs918592, and by smoking status. In future, the results obtained in current study should be verified in different population and races, and more interacted SNPs within different genes and more interacted environmental factors.
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